ABSTRACT: In their early larval stages, red drum migrate through coastal inlets and settle into shallow seagrass meadows within estuaries. This study describes environmental rhythms in red drum nursery habitats and evaluates their role in larval growth and survival to determine nursery habitat quality. Well-defined diel cycles were observed in temperature (amplitude 3 to 7°C) and dissolved oxygen (DO) (range 2.9 to 17.5 mg O 2 l -1 ), while sporadic cold fronts lowered temperatures by 6 to 10°C in 24 to 72 h. Groups of settlement and post-settlement larvae (3.9 to 17.3 mm standard length) were exposed in the laboratory to cycles of temperature and DO, and to combined temperature and DO diel cycles and then compared to fish grown in constant conditions (control). Relative to controls, growth was significantly reduced only in DO cycles with prolonged daily exposure to hypoxia (> 8.2 h d -1 ). Survival was similar in all treatments. In response to water cooling during simulated cold fronts, fish previously exposed to temperature cycles grew faster and had a higher food intake than control fish. Fish exposed to DO cycles maintained a greater food intake than control fish but grew at a similar rate. These results indicate that (1) diel cycles impart a physiological advantage to red drum larvae, (2) field measurements of environmental characteristics at a frequency of once a day may be inadequate for assessing nursery values for red drum, and (3) increased exposure to transient hypoxia in oscillating environmental conditions can affect growth and reduce nursery value and recruitment strength.
INTRODUCTION
Recruitment is an issue central to fish population dynamics. Fish nursery areas are thought to play a critical role in determining adult population size by influencing recruitment success (Underwood & Fairweather 1989 , Sale 1990 ). Many species of marine fishes exhibit an estuarine-dependent life cycle whereby spawning takes place offshore and recruitment to the estuarine habitat occurs during early life. Rapid larval growth during the extremely vulnerable larval period greatly increases the probability of survival (Pepin 1989 , Fuiman & Magurran 1994 , Cowan et al. 1996 and can result in order-of-magnitude changes in recruitment (Houde 1989 (Houde , 2002 .
Structured estuarine habitats can provide a plentiful food supply as well as shelter from predators (Montagna & Kalke 1992 , Rooker et al. 1998a , Stunz & Minello 2001 . However, shallow estuarine habitats may also exhibit substantial fluctuations in environmental parameters such as temperature, dissolved oxygen and salinity (Hubertz & Cahoon 1999 , Robbins & Bell 2000 to which newly recruited individuals may be exposed. Local variations in temperature, dissolved oxygen (DO) and salinity may be considerable as a result of diel and tidal cycles (Summer et al. 1997 , Ziegler & Benner 1998 and atmospheric frontal systems (fronts) (Brown et al. 2004) . Diel variations in temperature of 3 to 5°C have been reported for shallow estuarine environments (Beck & Bruland 2000) . Fluctu-ations in dissolved oxygen concentrations (DO) may be high in shallow, subtropical, seagrass meadows due to photosynthesis and respiration of benthic communities (Ziegler & Benner 1998 , Beck & Bruland 2000 . Temperature and DO concentrations are possibly the most important abiotic factors controlling growth in aquatic poikilotherms (Fry 1971) ; therefore diel fluctuations in these factors in seagrass beds during settlement can play an important role in recruitment.
Although the effects of constant temperature and DO concentrations on fish growth and survival have been studied intensively and summarized in numerous reviews (e.g. Fry 1971 , Rombough 1988 , Blaxter 1992 , very few studies have examined the effect of fluctuating diel environmental conditions on fish growth and distribution (Duthie & Houlihan 1982 , Pihl et al. 1991 , Diaz & Rosenberg 1995 , Thetmeyer et al. 1999 . Taylor & Miller (2001) reported a reduction in growth of the southern flounder Paralichthys lethostigma exposed to periods of nocturnal hypoxia (2.8 mg O 2 l -1
). Simulations of juvenile red drum Sciaenops ocellatus growth performance made under time-varying environmental regimes indicate that given an unrestricted food supply, growth may be much faster under diel-cycling regimes than under constant optimal temperature and DO regimes (Neill et al. 2004 ). Neill et al. (2004) related faster growth under variable conditions to a directive response to low dissolved oxygen concentrations that resulted in an increased metabolic capacity during the normoxic regime. In contrast to the constant environmental conditions in which fishes are typically held in the laboratory, diel cycles of environmental parameters may contain intervals of nearly ideal conditions for growth that compensate for time spent under less optimal conditions. This may result in an overall greater metabolic scope for growth.
Red drum is an economically important, estuarinedependent species commonly found along the Atlantic and Gulf coast of the USA. Red drum spawn in coastal waters of the Gulf of Mexico from late August to October (Peters & McMichael 1987) . Eggs hatch in less than 24 h, and after 2 to 3 wk in the plankton, the larvae settle to seagrass beds and marsh edges within estuaries (Holt et al. 1983 , Rooker & Holt 1997 , Rooker et al. 1999 , Stunz et al. 2002 . In the Aransas Estuary, Texas, seagrass beds serve as settlement and primary nursery habitat for young red drum (Rooker & Holt 1997 , Rooker et al. 1998b ). The advanced knowledge of the ecology of this species together with well-established rearing protocols and its economic importance make red drum very suitable for combined field and laboratory studies focusing on sources of recruitment variability in a valuable fishery.
The aim of the present study was 2-fold: (1) to describe the naturally occurring environmental rhythms in temperature and DO (range and patterns of variation) within the red drum nursery habitat during the settlement period, and (2) to simulate these temperature and DO cycles in the laboratory to evaluate their effects on larval growth and survival. This study was part of a larger project aiming to evaluate nursery habitat quality for settlement and to examine factors affecting the recruitment potential of red drum populations.
MATERIALS AND METHODS
Environmental surveys. Environmental conditions were surveyed at 3 locations in the Aransas Bay system near the Aransas Pass Inlet, Texas, during the fall of 2000 and 2001; 2 stations were located in shallow seagrass beds (SG1 and SG2; Fig. 1 ). Newly settled Sciaenops ocellatus larvae have been collected previously at these sites (Rooker & Holt 1997 , Rooker et al. 1999 , Herzka et al. 2001 . A third station (Inlet) was located near Port Aransas in the only inlet linking the estuary to the Gulf of Mexico where planktonic larvae are regularly collected (Fig. 1) . Temperature, DO, pH, conductivity, turbidity (turbidity in the year 2000 only) and water depth in the seagrass stations were recorded at 15 or 30 min intervals with multiparameter water quality data sondes (YSI, Ohio) placed within the seagrass canopy. Data from sonde readings were compared with discrete observations made throughout each deployment to assess data quality. Environmental data from the Inlet station, as well as air temperature, were obtained from an automated monitoring system at the Pier Laboratory of the University of Texas Marine Science Institute (UTMSI), which is located in the inlet. All studies coincided with the peak period of larval red drum settlement to seagrass meadows (October and November). Fine-scale spatial variability in environmental characteristics within a seagrass bed (SG1) was evaluated during the 2001 settlement season. Data sondes were deployed along a transect from the shallowest to the deepest part of the seagrass meadow during 2 separate trips and recovered after 11 and 14 d. In the first deployment, data sondes were placed at the deepest edge and at the shallow flats (the core) of the meadow. The second deployment started 3 d later, whereby a second core and a shallow marsh-edge location were surveyed. Both deployments overlapped in time for 10 d.
Seasonal trends in environmental parameters and the effect and periodicity of atmospheric frontal systems were assessed in 2002 and 2003. Data sondes were deployed continuously at 2 locations within SG1. The sondes were placed toward the deepest edge and the middle of the seagrass meadow for 7 and 11 wk in 2002 and 2003 respectively. Data sondes were checked and data downloaded weekly to ensure proper working condition, calibrate sensors and prevent loss of data.
Rearing and experimental setup. Fertilized eggs were obtained through the manipulation of temperature and photoperiod of captive broodstocks (Arnold 1988) held at the UTMSI Fisheries and Mariculture Laboratory and at the CP&L Marine Development Center, Texas Parks and Wildlife Department in Corpus Christi. Eggs were sterilized with 0.1% formalin for 30 min and placed in 150 l tanks (50 to 100 eggs l -1 ) at 26 to 27°C, 27 to 31 psu in well-aerated, filtered seawater. The tank was put on a flow-through system (25 ml min -1 ) following stocking of eggs. Only spawns with hatching rates > 95% were used. Starting 3 d posthatching (dph), first feeding larvae were provided daily with rotifers enriched with live cultures of Isochrysis galbana (UTEX LB 2307) as well as a formulated larval feed (Kyowa B 250 µm; Kyowa Hakko Kogya) (Holt 1993) . When larvae reached approximately 3 mm standard length (SL; 8 to 10 dph), they were transferred to 350 l flat-bottomed, circular tanks (20 to 30 larvae l -1 ) equipped with a biological filter. The water-exchange rate was 60 to 120 ml min -1
. Larvae were completely weaned onto the formulated feeds 1 to 3 d after transfer to the larger tanks. Formulated feed of various sizes (Kyowa B, 400 to 1700 µm and Proton 2; Inve Aquaculture) as well as frozen brine shrimp Artemia sp. enriched overnight on I. galbana were used to the end of the experiments.
Diel temperature and dissolved oxygen simulations. We evaluated 6 different diel environmental fluctuation treatments derived from the field data independently in 12 different experiments (Table 1) . 'Temp1' and 'Temp2' treatments were chosen to reflect low (3°C)-and high (6°C)-amplitude diel temperature cycles. The 3 oscillating DO treatments (DO1, 2, 3) were designed to mimic various patterns of diel oxygen availability: DO1 was hypoxic-normoxic (low at dawn and normal at noon), DO2 was hypoxichyperoxic (low at dawn and very high at noon), and DO3 was moderate hypoxic-hyperoxic (moderately low at dawn and very high at noon). Finally the 'Cycles' treatment involved simultaneous high amplitude diel temperature and DO3 cycles.
Settlement-size larvae were randomly assigned to six 120 l tanks at a density of approximately 6 larvae l -1 and allowed to acclimate for 24 h. The 6 tanks were then divided into 2 clusters of 3 replicate tanks each. Each cluster was connected to a separate 150 l reservoir to create 2 independent recirculating systems ( Fig. 2) for the treatment and control respectively. Only 1 experimental treatment was evaluated at a time. Each experimental treatment was repeated at least twice, except for DO2 and DO3 for which only 1 experiment could be made (see Table 2 ).
Temperature cycles were imposed using timer-controlled heaters (total of 1500 W) and a water chiller (3080 British thermal units h -1 ) connected to the reservoir (Fig. 2) . A countercurrent gas-depletion column was placed between the reservoir and experimental 43 tanks to generate the desired fluctuating DO conditions ( Fig. 2) . DO levels were established through the timer-controlled injection of nitrogen or oxygen into the bottom of the column. Water was recirculated through each system 1.2 times h -1
. Temperature, DO, pH and salinity were recorded in at least 1 tank from each recirculating system at 15 or 30 min intervals. Approximately 10% of the total water volume was exchanged daily. Photoperiod was 12L:12D.
A total of 20 to 25 fish from each tank were sampled immediately before the treatment was started and at the end of each experiment. Some experiments were additionally sampled at regular intervals throughout the experiment duration. All fish were anesthetized with 0.1% tricaine methanesulfonate (MS222) and their SLs measured from the tip of the snout to the end of the notochord or caudal peduncle. All measurements were made to the closest 0.1 mm using SigmaScan Pro 4.01.003 (SPSS) image-analysis software.
Cold front simulations. Fish were conditioned to an oscillating temperature or DO environment for approximately 2 wk and then subjected to a simulated strong cold front. To avoid confounding effects of different body size, the conditioning treatments were chosen by identifying the cycling conditions that did not result in growth differences relative to control fish. To simulate the rapid decrease in temperature associated with the onset of a cold front, 3 groups of 18 fish per treatment (DO or temperature-conditioned fish) were transferred to 6 enclosures (height 0.5 m, diameter 0.3 m, 700 µm mesh) placed within 350 l cylindrical tanks. Water temperature was decreased by 10°C (27 to 17°C) over a 24 h period.
Temperature was maintained at 17 to 18°C for 2 d, raised to 27°C on Day 3 and held at that temperature until the end of the experiment 2 d later (Day 6 of the experiment). Temperature, DO, salinity and pH were monitored at 15 to 30 min intervals as described previously. Food levels were adjusted daily to ensure that fish ate to satiation. Every morning all enclosures were carefully siphoned. The particulate food not consumed was collected and dried at 60°C for 36 h. Food consumption was estimated by subtracting the food recovered (corrected for leaching using a 24 h water stability test) from the total amount of food provided. Fish were measured 5 d before the beginning of the experiment while still in the conditioning tanks, on the day of transfer to the 350 l tanks, at the end of the cold phase, and at the end of the experiment. To minimize handling stress during length measurements, enclosures were lifted partially out of the water and placed in a 0.2 m-deep tray prior to their removal from the tanks. Fish were then quickly anesthetized with MS222 (0.03 mg l -1 ), photographed with a reference scale (used for calibration) and returned to a clean enclosure within the tank. Red drum larvae typically recovered from the anesthesia within 1 min. Standard length measurements were performed using ImageJ 1.30v software (http://rsb.info.nih.gov/ij/) Data analysis. Environmental data: The time series from the environmental surveys were analyzed to determine average daily minimum, maximum and mean values for each parameter. Pearson correlation coefficients were calculated for each time series between observations within the same series at increasing lag intervals over a period of 2 d. Magnitude and direction of the autocorrelation changes as the series is shifted down, and the data points being compared drift out of phase and back into phase. This generates a wave-like pattern in which the autocorrelation coefficients oscillate with a periodicity equal to the period of the fluctuation in the time series. For field data and oscillating DO treatments, the total time spent under hypoxic conditions was calculated to measure the severity of hypoxia experienced by the fish. Jobling (1994) reported limiting oxygen concentrations (LOC) in the range of 50 to 70% of air saturation for fish. At optimal temperature (28°C) and with unrestricted food, juvenile red drum start experiencing LOC at 5.0 mg O 2 l -1 (73% air saturation) (Neill et al. 1990 (Neill et al. , 2004 . LOC declines with decreasing temperatures due to the reduced metabolic activity at lower temperatures. At 18°C, Neill et al. (2004) estimated LOC in the vicinity of 2.0 mg O 2 l -1 (43% air saturation). Miller et al. (2002) reported a DO median lethal dose of 1.8 mg O 2 l -1 for red drum larvae held at 29°C. A temperature-dependent LOC was adopted in this study:
Hypoxia was defined as those DO concentrations below the computed LOC. Salinity and feeding were not factored in these calculations.
Growth and survival data: Temperature differences between treatments and control were taken into account by using effective degree-days (DD eff ) (Fry 1971 , Kamler 1992 . DD eff were calculated by subtracting a threshold temperature (i.e. biological zero, T 0 ) from the daily average temperature before computing thermal sums. Conceptually, the biological zero represents the temperature at which red drum larvae cease to grow. It can be estimated as the x-intercept in the linear regression of growth rate on temperature. To estimate T 0 , 2 groups (3 replicates each) of red drum of approximately 11.0 mm SL were grown at approximately 5 degree intervals from 9.4 to 34.1°C. The relative change in growth rate (% of initial body size) indicated a decrease at both extremes of the tested temperature range (Fig. 3) . Hence, the linear regression was restricted to the growth rates obtained within the linear area of the relationship (11 to 30°C). T 0 was 8.7°C (R 2 = 0.95). Instantaneous growth coefficients (G) were calculated from an exponential growth model:
where SL 0 and SL t are the standard lengths at the beginning and end of the testing period, respectively, and DD eff represents effective degree-days.
Percent survival (S) was calculated at the end of each trial from the equation:
where N f is the number of remaining fish in the tank, N s is the total number of fish removed through sampling and N 0 is the initial number of fish stocked.
We used 2-way analysis of variance (ANOVA) to test for differences in growth and food intake between treated and control fish. Treatment and testing period were used as sources of variation. The interaction term was used to identify treatment differences. If a main effect was detected, the analysis was followed with Tukey's HSD multiple-comparisons test to test for differences between treatment means. Separate Student's t-tests were conducted to determine treatment effects on survival. An arcsine transformation was applied to percent survival values before the analysis. In trials where fish were sampled only twice (beginning and end of the experiment), t-tests were used to examine differences in growth rate and survival between treated and control fish. In the cold front experiments, repeated-measures ANOVA was employed in the analysis.
All statistical analyses were computed using Systat Version 10.0 software (SPSS) and evaluated at an α of 0.05.
RESULTS

Environmental surveys
Characterization of environmental patterns. In both seagrass study sites, there were similar patterns of environmental fluctuations (Fig. 4) . SG1 and 2 showed Fig. 3 . Sciaenops ocellatus. Larval growth rate (mean ± SE) at different uniform temperature regimes used to estimate species' biological zero (i.e. temperature of no growth, T 0 ) for effective degree-day calculations. x-intercept (T 0 ) in leastsquares linear regression of growth rate on temperature (black line) was 8.7°C; regression was fitted only to the central section (s). Gray line is third-order polynomial regression fitted to all data. Regression equations and coefficients are given well-defined cycles in temperature (amplitude 3 to 7°C), dissolved oxygen (DO) (range 2.0 to 11.2 mg O 2 l -1
) and pH (range 8.4 to 7.9) (Fig. 5) . DO levels were high during the daytime and decreased during the night to levels occasionally as low as 2.0 mg O 2 l -1 . The lowest temperatures and DO levels were generally reached at dawn. The percentage of the day during which conditions were hypoxic varied from 0 to 9.
). For all 3 time series, autocorrelation analysis showed a clear diurnal period of fluctuation, as exemplified by DO in Fig. 6 . Daily water depth, turbidity and salinity fluctuations correlated with low-amplitude, mixed, diurnal tides characteristic of the Aransas Estuary, resulting in a time series that oscillated between 12.5 and 25 h (Fig. 6) .
Tides were the most prominent periodic feature at the Inlet station. Relative to the patterns observed at SG1 and SG2, the amplitude of temperature cycles was greatly reduced at the Inlet station, with a daily fluctuation range of 1.0 to 1.5°C (Fig. 4) . Diel DO and pH cycles were absent in the inlet, with DO levels remaining at saturation levels at all times during the study.
Spatial and temporal environmental variability. The observed daily fluctuations and effect of weather disturbances on monitored environmental parameters were almost identical at the 2 core areas of SG1 and SG2 (Fig. 4) . In addition, the data obtained at the shallowest edge of the meadow at SG1 (i.e. the marsh edge) was comparable to that recorded at the core sites. In contrast, there were consistently less fluctuations in the values of the environmental parameters measured at the deep-edge location (Fig. 7) .
Sporadic episodes during which temperature decreased by more than 10°C within 1 or 2 d were recorded on several occasions (Fig. 8) . These drops in temperature were associated with the passage of winter atmospheric frontal systems (fronts). Shallower Storm-related disturbances also resulted in irregularities in the tidal fluctuation, and major salinity changes. In 2002, 2 strong tropical storms caused intense runoff that reduced the salinity to 6-8 psu (Fig. 8) . Strong fronts were more common toward the end of the settlement season (late October and November; Fig. 8 ).
Weaker fronts resulted in more gradual cooling of the water, but also disrupted the diel patterns of temperature, DO and pH (examples in Figs. 4, 5, 7 & 8) . Compared to the shallower sites, hypoxic conditions were greatly reduced or absent at the deep-edge site. Hypoxic conditions ranged from 0 to 14.0 h (mean 6.3 h) of the day at the core and from 0 to 5.0 h (mean 1.3 h) at the deep-edge location. Episodic events of hypoxia were more likely to occur early in the season during the settlement of new fish in association with higher temperatures and salinities during periods of calm weather (Figs. 8 & 9) . The concurrent presence of red drum larvae during the surveys was confirmed at all 4 sites.
Effects of diel temperature and DO fluctuations
No differences in growth (in effective degree-days) were detected in the diel cycling temperature treatments (Temp1 and Temp2). However, in cycling DO treatments with prolonged exposure (≥ 8.2 h d -1 ) to hypoxic levels, growth was significantly reduced relative to controls (Table 2) . Although activity levels were not evaluated, red drum larvae subjected to low DO levels were visibly less active than control fish at dawn (R. Perez-Dominguez pers. obs.). Supersaturation of DO during the day failed to compensate for the prolonged exposure to hypoxia experienced by fish in the DO2 experiment. No differences were found in the growth rate of the Cycles treatment and their respective controls. There were no significant differences in survival between experimental and control fish for any treatment ( Table 2) .
Effect of storm-related cooling
There were no differences in the growth rates of larvae exposed to oscillating temperature or DO and control fish during the conditioning period (p > 0.91) (Table 3) ; however, food consumption was higher for cycle-conditioned fish (p < 0.01) ( Table 3) . Cooling decreased growth rate and food consumption in all groups.
There was a 2-to 3-fold decrease in growth rate during the cooling phase of the simulated front. Fish previously exposed to temperature cycles had signifi- Time × treatment interaction in a 2-way ANOVA cantly faster growth rates during the cooling phase of the front (p < 0.05) than those held at a constant temperature (Table 3) . However, the difference in growth rate was no longer apparent during the recovery phase, when the temperature increased to the initial level of 27°C. On average, food consumption was higher for fish previously grown under cycling temperature conditions than control fish (p < 0.01) ( Table 3) .
Fish conditioned to DO cycles grew at a rate similar to control fish during the simulated cold front (Table 3) ; however, they exhibited greater food intake (p < 0.02) throughout the conditioning, cooling and recovery periods (Table 3) . There was no mortality during these experiments.
DISCUSSION
Naturally occurring environmental cycles are linked to different patterns of energetic input within the relatively confined nursery habitat. Circadian rhythms arise from day-night and tidal cycles, while meteorological disturbances drive stochastic fluctuations. In shallow, productive seagrass beds, there is extensive primary production (photosynthesis) (Moncreiff et al. 1992 , Ziegler & Benner 1998 and respiration confined to a small volume of water, which can result in large variations in DO concentrations during the course of a 24 h period. Temperature, DO and pH cycles were clearly related to insolation. Diel cycles of pH were small but very consistent, and strongly correlated with DO cycles, confirming the important role of photosynthesis and respiration in the observed diel DO fluctuation.
Fronts usually have a great impact on normal diel fluctuations, since they not only lower water temperature but also affect DO and all other parameters. Turbidity data was intended as a proxy for tidal flushing since incoming waters from offshore would have low turbidity compared to estuarine waters. We expected to see a turbidity maxima associated with the rising tide and salinity changes. However, water movements across shallow seagrass beds were probably influenced by factors like local topography or prevailing winds that were not evaluated, making interpretation of turbidity data very difficult.
In this study, diel temperature and DO cycles were weakened or disappeared during the passage of winter fronts. Strong fronts and tropical storms usually have major impacts on salinity and water level that result in the rapid onset of major water quality changes. An extreme example occurred in the latter half of 2002 when 2 storms lowered salinity to 6-8 psu.
Similarly, late in 2003, 3 consecutive cold fronts caused 3 sudden drops in temperature of about 15°C in less than 24 h. These events may result in reduced growth and, in some extreme circumstances, mortality (Breitburg et al. 1994 , Houde 2002 .
Seagrass meadows were composed of 2 distinct habitats, the deep-edge and the shallow core zone. Deep-edge habitats are substantially more stable than core zones with respect to diel and meteorological forcing. These 2 zones represent the environmental conditions to which red drum larvae might be exposed following settlement. Although there is little informa- Arrows indicate onset of cold fronts tion regarding the fine-scale distribution of newly settled red drum larvae, the deeper edge within a meadow may provide the first adequate nursery habitat encountered by individuals, since the seagrass edge is the first logical contact of new settlers within the nursery. Larvae in the process of leaving the relatively stable pelagic environment may use the deep edges of seagrass meadows as transitional habitat before moving to more environmentally challenging areas (Perez-Dominguez 2004) . Our evaluation of the effects of nursery environment conditions on wild red drum larvae depends on the assumption that the fish remain within the seagrass and are consequently exposed to the nursery conditions during the entire settlement phase. This assumption is supported by the following evidence: (1) field collections in the Aransas Estuary indicate that red drum larvae settle and stay within seagrass meadows (Rooker et al. 1999 , Herzka et al. 2002 , (2) red drum larvae do not undertake diel movements to and from the core seagrass area (Perez-Dominguez 2004) , and (3) in laboratory studies, red drum larvae have affinity for and suffer less predation in structured habitats than in open bottom areas (Rooker et al. 1998a , Stunz & Minello 2001 .
Settlement-sized red drum larvae cultured in the laboratory grew at a wide range of temperatures (10 to 34°C ,  Fig. 3) ; growth rates increased linearly with temperature between 11 and 30°C. The temperature range observed during the environmental surveys performed in this study (24 to 32°C) should therefore be conducive to optimal or near optimal growth rates of settled individuals. Moreover, the simulated front experiments suggest that exposure to diel temperature rhythms may impart to the fish some advantage during rapid cooling events compared to fish exposed to more constant environmental conditions. The simulation of the passage of frontal systems resulted in a predictable decrease in growth rate during the cooling phase in all groups evaluated (control and cycle-conditioned). However, the growth rate reduction was significantly less for fish previously exposed to temperature cycles. The lack of similar response in fish conditioned to DO cycles indicates that this response is probably related to diel exposure to transient lower temperatures during conditioning, and can be explained as a thermal acclimation response (Blaxter 1992) . All groups, however, showed a similar trend in growth rate during the recovery phase, suggesting that the beneficial effect of diel temperature cycles is short lived, which further supports the acclimation hypothesis. Finally, growth rates during the recovery phase remained low while food intake increased to levels similar to those in the conditioning phase. Hyperphagia is usually involved in the compensatory growth response after a period of growth depression due to reduced food supply or temperature (Nicieza & Metcalfe 1997 , Ali et al. 2003 . The results suggest a lag in the onset of the recovery process for growth compared to appetite (Nicieza & Metcalfe 1997) , and that the recovery phase was not sufficiently long to detect changes in growth rates.
Fish exposed to environmentally realistic diel cycles ate, on average, more food than control fish, although they maintained similar overall growth rates. It can be inferred that the cost of growth (i.e. energy used per unit weight gain) was higher in the cycling environment. Herzka & Holt (2000) found that the isotopic composition of settlement-size red drum changed significantly faster for larvae stocked in cages in the field 50 Table 3 . Sciaenops ocellatus. Instantaneous (mean ± SE) growth rate and food intake of temperature-and DO-conditioned fish during exposure to simulated cold fronts. than for siblings held in the laboratory, and concluded that metabolic turnover (changes in isotopic composition not explained by growth) was accelerated in the caged fish. Faster metabolic turnover is likely to indicate the joint effects of increased respiration (i.e. metabolic work not related to growth) and protein turnover (Hawkins 1991 , Jobling 1994 , Houlihan et al. 1995 under the environmental conditions in the nursery. Similarly, fish exposed in the laboratory to diel cycles may have higher fixed metabolic costs or increased activity costs in response to the changing environment, which are expected to narrow the metabolic scope for growth (Fry 1971 , Wieser & Medgyesy 2000 , which may result in reduced growth. However, the benefit of evolving a nursery-dependent lifestyle strongly argues for specific tradeoffs and adaptations to meet the environmental challenges of these fluctuating environments. The observed increase in food consumption in the laboratory may be a compensatory response to offset the challenges imposed by environmental fluctuations characteristic of nursery grounds. It would be very interesting to determine in future studies how available energy is translated into growth in environments with important diel components. For juvenile red drum, DO starts limiting growth at about 5.0 mg O 2 l -1 at 28°C (approx. 74% air saturation) (Neill et al. 1990 ). However, limiting DO sharply declines to about 2.0 to 3.0 mg O 2 l -1 at 18 to 21°C (Neill et al. 2004 ). All laboratory DO treatments repeatedly exposed red drum larvae to oxygen tensions below the limiting thresholds (i.e. hypoxia). However, only the treatments in which larvae were subjected to severe limitation of dissolved oxygen (DO1 and DO2) resulted in lower growth rates relative to control fish. Juvenile southern flounder Paralichthys lethostigma experience blood chemistry changes while exposed to episodic hypoxia; however, they must remain in moderate but continuous hypoxia to acclimate to low DO (Taylor & Miller 2001) . It is worthy of note that diurnal hyperoxia did not compensate for the nocturnal hypoxia (DO2) in terms of growth rates. In fishes, hyperoxia causes transient acid-base imbalances (Wood & LeMoigne 1991) as the fishes hypoventilate. However, there is no evidence in the literature that DO levels above saturation result in significant growth impairment (Caldwell & Hindshaw 1994 , Person-Le Ruyet et al. 2002 , Foss et al. 2003 . In the present study, the cumulative amount of time that fish were exposed to hypoxia in the laboratory was probably the cause of growth reduction in the laboratory experiments. Our laboratory results suggest that growth is impaired when hypoxic events last for more than 8.2 h d -1
. Consequently, this value could be a criterion that defines poor nursery habitat quality.
In the relatively pristine seagrass beds studied herein, hypoxia is reached repeatedly, especially at the beginning of the settlement season when temperatures and salinities are relatively high and the weather is relatively stable. However, hypoxic conditions typically last for less than 6.3 h d -1 in the core of seagrass meadows and less than 1.3 h d -1 at the deepest edge. Consequently, short hypoxic events might not limit the overall growth performance of larval red drum in the nursery habitat. On the other hand, eutrophication from anthropogenic impacts on seagrasses may increase primary production (Bostroem et al. 2002 , Deegan 2002 , leading to greater changes in DO. Ziegler & Benner (1998) , working in pristine seagrass, reported that diel DO changes were linked to local benthic processes. The strong dependency of DO oscillations on day-night cycles and weather events found in our surveys indicates that DO cycles are essentially driven by local productivity. Consequently, eutrophication could result in prolonged periods of hypoxia. Beck & Bruland (2000) reported diel DO fluctuations varying from > 250% saturation to complete anoxia under euthropic conditions in a shallow, tidal salt marsh. This may represent an extreme scenario. However, depending upon the severity of the disturbance, environmental conditions within seagrasses could degrade quickly, thereby increasing the amplitude of DO fluctuation and hypoxia events. These conditions could affect red drum growth and therefore the value of the seagrass as nursery habitat.
This study indicates that field estimates of environmental characteristics based solely upon measurements made once a day are inadequate for predicting fish growth in habitats characterized by marked environmental heterogeneity. For example, since oscillating environmental conditions with severe but transient hypoxia would reduce growth in red drum larvae, then a single daily DO measurement made during the daytime would be insufficient to detect growth-retarding hypoxic periods, and growth potential for the habitat would be overestimated.
At settlement, red drum encounter a new and very dynamic habitat where rapid diel environmental changes are probably too short to induce an immediate acclimation to any particular combination of environmental factors. Red drum larvae may function reasonably well in a range of environmental conditions (Duthie & Houlihan 1982) and avoid, within certain tolerance limits, costly physiological and behavioral acclimation responses to low DO. However, exposure to diel cycles may trigger general physiological changes that prepare their metabolism for a range of conditions. Since both past experience and present conditions can be important, performance estimates under constant conditions have to be used with caution in predicting responses in fluctuating environments. Larval growth and survival in rapidly fluctuating environments of estuaries are crucial factors that may help to explain some aspects of recruitment variability in estuarine dependent species such as red drum.
